A combined study of foraminifera, diatoms and stable isotopes in marine sediments off North Iceland records major changes in sea surface conditions since about 15800 cal years (yr) BP. Results are presented from two gravity cores obtained at about 400 m water depth from two separate sedimentary basins on each side of the submarine Kolbeinsey Ridge. The chronology of the sedimentary record is based partly on AMS 14 C dates, partly on the Vedde and the Saksunarvatn tephra markers, as well as the historical Hekla AD 1104 tephra. During the regional deglaciation, the planktonic foraminiferal assemblages are characterised by consistently high percentages of sinistrally coiled Neogloboquadrina pachyderma. However, major environmental variability is reflected by changes in stable isotope values and diatom assemblages. Low 18 O values indicate a strong freshwater peak as well as possible brine formation by sea-ice freezing during a pre-Bølling interval (Greenland Stadial 2), corresponding to the Heinrich 1 event. The foraminifera suggest a strong concurrent influence of relatively warm and saline Atlantic water, and both the foraminifera and the diatoms suggest mixing of cold and warm water masses. Similar but weaker environmental signals are observed during the Younger Dryas (Greenland Stadial 1) around the level of the Vedde Ash. Each freshwater peak is succeeded by an interval of severe cooling both at the beginning of the Bølling-Allerød Interstadial Complex (Greenland Interstadial 1) and during the Preboreal, presumably associated with the onset of intense deep water formatiom in the Nordic Seas. The Holocene thermal optimum, between 10200 and about 7000 cal years (yr) BP, is interrupted by a marked cooling of the surface waters around 8200 cal yr BP. This cold event is clearly expressed by a pronounced increase in the percentages of sinistrally coiled N. pachyderma, corresponding to a temperature decrease of about 3°C. A general cooling in the area is indicated after 7000-6000 cal yr BP, both by the diatom data and by the planktonic foraminiferal data. After a severe cooling around 6000 cal yr BP, the planktonic foraminiferal assemblages suggest a warmer interval between 5500 and 4500 cal yr BP. Minor temperature fluctuations are reflected both in the foraminiferal and in the diatom data in the upper part of the record, but the time resolution of the present data is not high enough to pick up details in environmental changes through the late Holocene.
Introduction
Strong climatic gradients between the Arctic and the North Atlantic realms traverse the North Icelandic shelf, enhancing the significance of this key area for the study of oceanographic variability through the deglaciation and the Holocene. The shelf is located in a sensitive boundary region between Atlantic water, which is brought to the area by the relatively warm, high-salinity Irminger Current, and cold, low-salinity surface water of the East Icelandic Current (Fig. 1) . The Arctic surface water of the East Icelandic Current is partly derived from the East Greenland Current (Polar water) and partly from westerly eddies of the Norwegian Atlantic Current (Atlantic water) (e.g. Stefansson, 1962; Johannesen, 1986; Swift, 1986; Malmberg and Jonsson, 1997 and Hansen and Østerhus, 2000) . Knudsen and Hurdle, 1986, Map A8) . The extent of Fig. 2 is indicated by a box.
The strength of the North Atlantic Current is generally related to deep water formation in the Nordic Seas, which is again associated with southward overflow across the Greenland-Iceland-FaeroeScotland Ridge. The North Atlantic Current is expected to be strong during active deep water formation, and weak during periods of freshening of the surface waters north of Iceland, i.e. during periods with strong input of Polar water from the East Greenland Current and the East Icelandic Current. At present the Norwegian Sea Deep Water (NSDW) replaces the mixed surface water masses at about 3-400 m depth off North Iceland (Fig. 2 and Fig. 3 ). During periods of strong overflow in the Denmark Strait and across the Iceland-Faeroe Ridge, the cold deep water masses (NSDW) may be expected to influence the topographic basins north of Iceland (Eiríksson et al., 2000a) . Knudsen and Eiríksson, 2002.) The modern summer sea surface temperature in the study area is relatively constant, generally around 6-7°C, while the winter sea surface temperature is around 1-3°C (Jiang et al., 2002) . These temperatures were lower during past cold periods when the East Icelandic Current had an increased East Greenland Current component, while warmer and more saline waters were brought into the area during periods of relatively stronger influence of the Irminger Current (e.g. Eiríksson et al., 2000a; Andrews et al., 2001a and Giraudeau, 2002) . Consequently, past changes in the position of the oceanic Polar Front across the North Icelandic shelf can be registered in the sedimentary record of the region. This has previously been demonstrated both for the areas around Iceland (e.g. Koç et al., 1993; Sarnthein et al., 1995 and Voelker et al., 1998) and from the shelf west of Iceland as well as north of Iceland Eiríksson et al., 2000a; Eiríksson et al., 2000b and Andrews et al., 2001a) . Consistency between marine late Holocene proxies from the North Icelandic shelf and atmospheric and terrestrial data from the Greenland ice sheet and from Iceland glacier advances shows that there is a close relationship between the oceanic system and the atmospheric circulation in the region ( Eiríksson et al., 2000b; Andrews et al., 2001b; Andrews et al., 2001c; Giraudeau, 2002 and Jiang et al., 2002) .
The seafloor of the North Icelandic shelf is characterised by the Tjörnes Fracture Zone featuring numerous active basins in a mud dominated environment (Fig. 2) . The sedimentary record of the two gravity cores HM107-05 and HM107-04 ( Fig. 2) , extending back to almost 15800 cal yr BP, represents part of the deglaciation as well as the entire Holocene. Local and temporal variability in sedimentation rates are observed on each side of the ridge. A high sedimentation rate is recorded during the Lateglacial and the Preboreal in core HM107-05 east of the ridge (mean=48 cm/1000 yr), probably reflecting proximity of glacial and glaciomarine processes. This was followed by reduced Holocene rates (mean=12.5 cm/1000 yr) east of the ridge, while the sedimentation rate was higher in core HM107-04 west of the ridge (mean=33 cm/1000 yr). As the eastward flow of the Irminger Current along the outer shelf is parallel to the depth contours, the Kolbeinsey Ridge forms a barrier favouring deposition of bed load silts on its westward side where the currents are slowed down and deflected across the ridge.
The purpose of this paper is to present high resolution planktonic foraminifera, stable isotope and diatom evidence of variable sea surface conditions off North Iceland through the Lateg1acial and across the Pleistocene-Holocene transition, and a lower resolution record for the Holocene. Benthic foraminiferal species and sedimentary data are included when important for the environmental interpretation. An overview of benthic foraminiferal distribution and sedimentological data in a lower time resolution study of the same two cores was previously published by Eiríksson et al. (2000a) .
The chronostratigraphy in this study is based on a combination of well-known tephra markers and a series of AMS 14 C dates. The record is discussed in terms of the Greenland ice-core events (Björck et al., 1998; Walker et al., 1999 and Lowe et al., 2001 ), but for reason of clarity, the classic chronostratigraphical terminology of Mangerud et al. (1974) is indicated as well.
Materials and methods
Two gravity cores, HM107-05 (66°54′08″N, 17°54′19″W; water depth 396 m, core length 394.3 cm) and HM107-04 (67°13′38″N, 19°03′00″W; water depth 458 m, core length 392.7 cm) from the North Icelandic shelf (Fig. 2) , were obtained in 1995 on the HM107 BIOICE cruise with RV Haakon Mosby, 90 and 120 km offshore (see also Eiríksson et al., 2000a) . The cores are located on each side of the Kolbeinsey Ridge.
Foraminifera
The foraminiferal samples generally represent 1-cm sediment slices, and analyses are carried out at intervals varying between 1 and 10 cm (the time resolution varies between 15 and a maximum of 1200 years). The samples were washed through 1000-, 125-and 63-m sieves, according to the methods described by Feyling-Hanssen et al. (1971) and Knudsen (1998) . The foraminifera were concentrated from the 125-1000-m dry fraction of sediment by means of the heavy liquid C 2 Cl 4 (specific gravity 1.6 g cm −3 ). At least 300 specimens of planktonic as well as benthic specimens were analysed in the 125-m fraction, when possible. In some intervals the number of planktonic specimens was relatively low, and samples containing less than 30 specimens were excluded from the statistics. The Preboreal sediments were generally very poor in foraminifera, especially from the planktonic group. Some of the samples from this interval were, therefore, supplemented with neighbouring 1-cm sediment slices up to an aggregate thickness of 3 cm. For taxonomic notes, see Appendix A.
Diatoms
Each diatom sample represents a 1-cm sediment slice, and analyses were carried out at intervals of 5 or 10 cm. All the samples were treated with 10% HCl to remove the calcareous matter, washed with distilled water, and treated with 30% H 2 0 2 (1-2 h in a water bath at 60°C) in order to destroy the organic material. Diatom slides were made by using Naphrax (dn=1.73). In all 102 samples were analysed (51 samples for each core). More than 300 diatoms valves were counted in each sample (excluding Chaetoceros resting spores), although at some levels the limited amount of diatoms in the sediments prevented reaching this figure. In general, the diatoms were well preserved. Diatom assemblage zones were identified using the cluster analysis technique of Grimm (1987) . For taxonomic notes, see Appendix B.
Stable isotopes
Stable isotopes were measured on the planktonic sinistrally coiled Neogloboquadrina pachyderma as well as on the benthic species Islandiella norcrossi from the 125-1000-m fraction of each foraminiferal sample, when possible. For intervals with sparse contents of I. norcrossi the benthic species Cassidulina neoteretis was measured instead. The data set was supplemented by a series of overlapping samples with measurements of both benthic species. This made it possible to normalise the 18 O values of C. neoteretis to I. norcrossi (correction factor +0.69±0.29). All the 18 O values presented in the diagrams are corrected for the ice volume effect, using the Fairbanks (1989) sea-level curve as dated by Bard (1990) 
Sediments
The basic sedimentological properties of cores HM107-05 and HM107-04 were published by Eiríksson et al. (2000a) , including grain size, carbonate content, water content, shear strength, mineralogical composition and tephra geochemistry. The present paper, therefore, only presents an overview of the lithology, shown on a depth scale in Fig. 4 and Fig. 5 together with important tephra markers as well as ice rafted debris (IRD) contents. We also include some additional grain size parameters, pebble content and higher resolution mineralogical data. Fig. 4 . Lithology of core HM107-05 based on X-ray photographs, and mineralogical analyses. The whole-core X-ray logs show laminations and structures drawn after the X-ray negatives. Pebbles >2 mm in diameter are shown as frequency per cm core length. For definition and discussion of IRD, see text. Benthic foraminiferal biozones (from Eiríksson et al., 2000a) and diatom biozones (this paper) are indicated, as well as the level of the Vedde and Saksunarvatn tephras (stippled lines). Sorting (standard deviation) was calculated using moment statistics (McBride, 1971) , and the sortable silt percentage and mean were calculated as the percentage of the 10-63-m fraction out of the total fines and the mean grain size of that fraction ( McCave et al., 1995) .
The pebble content and specific mineralogical components are used as proxies for sedimentation from melting ice in the waters north of Iceland. The number of clasts over 2 mm in diameter was counted on whole-core X-ray negatives, and the number of pebbles per 1-cm-sediment thickness in the core was calculated. This method may underestimate the pebble frequency when two or more pebbles coincide in core depth and exposure direction, but the generally very low concentration of pebbles in both cores is considered to reduce this potential error.
For the study of mineralogical provenance, at least 300 grains were identified and counted in the >125-m sand fraction of the sieved sample. This grain size interval has been used in previous studies of IRD content in the Nordic Seas (e.g. Henrich et al., 1995) . Most of the allochtonous, non-volcanic sand grains fall into three groups: crystals (mainly quartz and feldspar), rock fragments (plutonic and sedimentary), and altered or abraded volcanic fragments. A substantial portion of the first two groups must originate outside Iceland, the reworked volcanics may have Icelandic or Greenlandic provenance. It is considered most likely that the sand grains with provenance outside Iceland were transported and released to the North Icelandic shelf by sea-ice and icebergs from Greenland and the Arctic Ocean. Some of the potentially local sand grains may have become incorporated in sea-ice through eolian, coastal or shelf processes. Statistically, however, the flux of the three mineralogical groups is positively (r ranging from 0.35 to 0.75) and significantly (P<0.0005 in all cases) correlated in both cores, and each group can be used to predict the other two. This supports the interpretation that all three groups share a common origin, and can be considered to represent IRD. Substantial coastal sea-ice cover may enhance eolian transport of sand to the middle and outer shelf. The IRD flux was calculated as the product of the mass accumulation rate (as defined by van Andel et al., 1975) and the number of IRD grains per gram sediment.
Chronology
The chronology for this work is based on combined tephrochonology and AMS 14 C datings of either molluscs or benthic or planktonic foraminifera. Most of the AMS 14 C dates have previously been published by Eiríksson et al. (2000a) , who also presented an age-depth model based on 14 C ages (uncalibrated) for each of the two cores. A standard marine reservoir correction of 400 years was used throughout the entire record by Eiríksson et al. (2000a) . For the age model of this paper, all the 14 C dates have been calibrated with CALIB4 (Stuiver et al., 1998a ). The marine model calibration curve with ∆R=0, corresponding to a reservoir correction of approximately 400 years ( Stuiver et al., 1998b ; see also Andersen et al., 1989) , has been used for the Holocene record, while a reservoir correction of 800 years (∆R=400) has been applied for older samples ( Table 1, Table 2, Table 3 and Table 4 ). The present-day reservoir age of the coastal waters of Iceland is consistent with the ∆R=0 value, and Eiríksson et al. (2000a) did show that a ∆R=0 value is also applicable at the level of the Saksunarvatn ash (9000 14 C yr BP), whereas a reservoir correction of 750-800 years was necessary at the Vedde Ash level (10300 14 C yr BP). Clearly, a change of reservoir age took place in the waters north of Iceland between the deposition of the Vedde and the Saksunarvatn tephras, close to the PleistoceneHolocene boundary. Table 1 . Radiocarbon datings and tephra markers in core HMI07-05, calibrated with CALIB4 (Stuiver et al., 1998a ) using the marine model calibration curves ( Stuiver et al., 1998b) A standard reservoir correction of ca. 400 years (∆R=0) is built into this model for samples younger than 10000 14 C yr, while ca. 800 years (∆R=400) has been used for older samples. The datings were carried out at the AMS 14 C Dating Laboratory, University of Aarhus, Denmark. Table 2 . Age-depth model boundaries for core HM107-05 and sedimentation rates for each linear segment of the model The ages of the benthic foraminiferal biozone boundaries (major faunal changes) are indicated. Ages of diatom zone boundaries are entered in the text (see also Fig. 6 ). Table 2 See also Fig. 7. Several studies from the northern North Atlantic have previously shown higher reservoir age values for the Lateglacial than observed at present (e.g. Austin et al., 1994; Bard et al., 1994; Haflidason et al., 1995 and Bondevik et al., 2001) . Waelbroeck et al. (2001) have presented data showing that the reservoir age was not constant during the Lateglacial, amounting to 930±250 yr during the Younger Dryas, but as much as 1880±750 yr at the end of the Heinrich 1 event (14500 cal yr BP). Both Bondevik et al. (2001) and Waelbroeck et al. (2001) found that the reservoir ages were comparable to the present-day values during the warm Bølling-Allerød period. Taking these variations into account is not straightforward, however, as additional complications may well have been introduced by antiphase relationships between the water masses of the North Icelandic shelf region and those of the eastern North Atlantic during the Lateglacial. We have therefore chosen to adopt a ∆R=400 value for age calibration of all samples older than 10000 14 C yr BP.
The age-depth models of HM107-05 and HMI07-04 are shown in Fig. 6 and Fig. 7 (Table 1 and Table 3 ). The age models were constructed by means of age zones that are delimited by tephra markers, 14 C dates and biozone boundaries. Sedimentation rate for each age zone has been obtained with linear interpolation (Table 2 and Table 4 ). Ice-core ages are used for the Vedde (12000 cal yr BP) and the Saksunarvatn (10200 cal yr BP) tephras ( Grönvold et al., 1994; Zielinski et al., 1997 and Gulliksen et al., 1998) . The historical Hekla AD 1104 has simply been converted to cal yr BP. In the absence of constraining dates, we have chosen to let sedimentation rates change at benthic foraminiferal biozone boundaries. This is based on the assumption that major faunal changes are considered to coincide with changes in sedimentation rates because they reflect palaeoceanographic changes in the region (see also Eiríksson et al., 2000a) . In the age models, zero age is assumed for the core tops, based on correlation with corresponding box cores with intact core tops. In core HMl07-04, AMS 14 C dates from the base of biozone F4B and the top of F4A indicate an hiatus of almost 700 years between those two biozones, coinciding with a level of major faunal changes (see Eiríksson et al., 2000a) . (Table 1) , are used as a basis for the reconstruction of linear segments in the age-depth model (see also text and Table 2 ). The age calibration is based on Stuiver et al., 1998a and Stuiver et al., 1998b . A standard reservoir correction of about 400 years (∆R=0) is built into this model for the marine samples younger than 10000 14 C years, while a reservoir correction of about 800 years (∆R=400) has been used for older samples (± one standard deviation is indicated by error bars). An age of 12000 cal yr BP is applied for the Vedde Ash and 10200 cal yr BP for the Saksunarvatn ash. The ages of benthic foraminiferal zone boundaries are given in Table 2 . Fig. 7 . Age-depth diagram for core HM107-04. Tephra markers, including the historical Hekla AD 1104, and AMS 14 C datings, based on molluscs and foraminifera (Table 3) , are used as a basis for the reconstruction of linear segments in the age-depth model (see also text and Table 4 ). An hiatus between 11800 and 11110 cal yr BP is shaded (see also text). The ages of benthic foraminiferal zone boundaries are given in Table 4 . See also caption of Fig. 6 .
Lithology
The origin of sand-sized tephra particles in cores HMl07-05 and HMl07-04 is primarily attributed to volcanic events in Iceland (Eiríksson et al., 2000a) . The sand fraction constitutes up to 40%, but is generally less than 20% of the sediment. The dispersal of volcanic material from Iceland is considered to be largely wind-driven with sand-sized and finer grained air-fall tephras settling conformably on the shelf seafloor. Local eruptions may have formed submarine or subaerial eruption plumes and caused tephra deposition from suspension or submarine turbidity currents across local basins ( Lackschewitz et al., 1994) . Mineralogical analyses have revealed a relatively high background of sand-sized reworked tephra. This was attributed to occasional storm reworking of local shallow water deposits on the Kolbeinsey Ridge by Eiríksson et al. (2000a) . Rock fragments and minerals of 'crustal' origin, as well as rounded and altered volcanic fragments were interpreted as IRD. The provenance of the mud fraction has not been examined. Both ice rafting and volcanic processes have undoubtedly contributed to the fines, in addition to benthic organic activity, redeposition by bottom currents and suspension deposition of material carried to the shelf environment by eolian and fluvial processes, as well as organic processes in the water column.
There is a distinct relationship between mean grain size (Eiríksson et al., 2000a) and sortable silt content, indicating that the bulk of the sediment volume has been deposited by decelerating bottom currents. During periods of weak bottom currents, the sedimentation was dominated by deposition of fine silt and clay from suspension, but during periods of stronger currents carrying sortable silt, the mean grain size was pushed up. On the freshly split core surfaces and X-ray images of both cores, the predominantly silty sediments appear faintly streaky due to grain size variations within the silt range. This is consistent with deposition from suspension and concomitant weak bottom currents. Distinct bedding is confined to tephra layers and rare coarse sandy or pebbly units. Bioturbation was only observed sporadically as isolated burrow marks.
The pebble content ( Fig. 4 and Fig. 5 ) at both sites displays roughly three intensity levels. Below the Vedde Ash, the average pebble content amounts to 5 pebbles/cm core, fluctuating between 0-30. The average value decreases to 2, fluctuating between 0-10, in the interval between the Vedde and the Saksunarvatn tephras, and the average post-Saksunarvatn value is 1 pebble/cm core. However, a marked increase is observed in the uppermost 20 cm of core HM107-04, indicating increased ice rafting north of Iceland in the last 2000 years of the Holocene.
Planktonic foraminifera and stable isotopes
The percentage distributions of selected taxa of planktonic foraminifera in cores HM107-05 and HM107-04 are shown on Fig. 8 and Fig. 9 together with the stable isotopic records for the planktonic and the benthic foraminifera, as well as the IRD fluxes. 
Core HM107-05

The Lateglacial interval (15740-11500 cal yr BP)
There is a very high dominance of the arctic sinistrally coiled Neogloboquadrina pachyderma (mostly 95-100% of the total planktonic assemblage) throughout the Lateglacial part of core HM107-05 (Fig. 8 ). Other planktonic species are rare but include some specimens of dextrally coiled N. pachyderma, specifically in the lowermost part of the core (before about 15300 cal yr BP, i.e. in pre-Bølling time) and on both sides of the Vedde tephra horizon. This corresponds to intervals of increased planktonic foraminiferal fluxes, which would also indicate temporal changes in the water mass distribution in the area. An increased input of Atlantic water from the Irminger Current during these intervals has been assumed to be the explanation for these changes (see also Eiríksson et al., 2000a) .
A very light planktonic oxygen isotope signal in the bottom part of the core presumably indicates a marked freshwater input to the surface waters in the area, which appears to continue into the Bølling-Allerød, almost until 14000 cal yr BP. Similar low isotopic values in the benthic curve suggest a mixing of surface and bottom waters. These coupled signals are most likely due to sea-ice freezing processes (Veum et al., 1992; Vidal et al., 1998 and Dokken and Jansen, 1999) . Therefore, it is concluded on the basis of the oxygen isotope values that bottom water produced by brine formation probably influenced the core site, specifically before 15300 cal yr BP, but presumably also during the early part of the Bølling-Allerød complex and during the Younger Dryas. Similarities between the planktonic and benthic carbon isotope records also indicate active exchange between surface and bottom waters during most of the time span covered by the cores.
A strong influence of the benthic species Cassidulina neoteretis, combined with a high percentage of the high-salinity group Miliolida in pre-Bølling deposits on the North Icelandic shelf, has previously been related entirely to a temporary strong influence of Atlantic waters brought to the area by the Irminger Current (Eiríksson et al., 2000a) . A similarly high influence of C. neoteretis has, however, also been registered during Heinrich events (and related to brine formation) in the North Atlantic by Lassen et al. (in press ). The present isotopic data, combined with the faunal indication and a high biological production, reflected both in the planktonic and the benthic foraminiferal fluxes, suggest that the area was probably influenced both by freezing processes and a high input of Irminger Current water in the subsurface layers. The marked difference in faunal indication of the surface water masses compared to the bottom waters strongly suggests that the Irminger water influenced the subsurface and bottom waters much more than the surface waters.
It is interesting to notice that a similar, but less pronounced decrease in oxygen isotope values also occurs just before the Vedde tephra horizon and continues to the end of the Younger Dryas (11500 cal yr BP). This coincides with another marked maximum of Cassidulina neoteretis, lasting for a maximum of 800 years according to the present age model, a value which is presumably too high due to increased tephra input, influencing the age model during this time period (Fig. 12) . This interval presumably represents another sea surface freshwater peak, combined with brine formation as well as increased Atlantic water inflow to the subsurface and bottom waters.
The Holocene interval (11500 cal yr BP to the present)
Only very few planktonic foraminifera were found in the Preboreal interval, but a low density fauna is present from about 10000 cal yr BP to the present time. Since rather few samples were analysed in this interval, the results only give an overview of the general trend in climate change. The percentage of sinistrally coiled Neogloboquadrina pachyderma is high, generally above 90% of the fauna, but there is a clear indication of warmer surface water conditions just after 10000 cal yr BP. After 7000-6000 cal yr BP, the percentages of sinistrally coiled N. pachyderma increase to more than 95%. This shows that Arctic or Polar water masses become predominant again (see Johannesen et al., 1994) .
The planktonic 18 O values fluctuate around 3‰ through the entire interval from 10000 cal yr BP to the present, while there is a clear increasing trend in the benthic values from 4 to about 4.4‰ between 10000 and around 5000 cal yr BP, and the benthic values fluctuate around that level throughout the late Holocene. The increasing difference between benthic and planktonic values in the late Holocene indicates an increasing stratification of the water column.
There is also a Holocene trend in the carbon isotope values of core HM107-05, with low values in the early Holocene and more positive values in the mid-to late Holocene intervals. This may be the general interglacial trend due to changes in the carbon cycle, which occurs in many cores in the Nordic Seas both in the Holocene and in Marine Isotope Substage 5e (e.g. Vogelsang, 1990 and Fronval and Jansen, 1997) , but the resemblance with the trend towards more cold water dominance in the planktonic foraminiferal fauna ( Fig. 8) would indicate that it may be due to a diminishing influence of Atlantic water and stronger dominance of the Arctic water domain with its higher 13 C values (Johannesen et al., 1994) . The somewhat reduced planktonic values towards the top of the cores may be due to a further influence of Polar waters, which have lower 13 C values. This is corroborated by the concurrent highest values of the polar foraminiferal taxon Neogloboquadrina pachyderma sinistral and indication of increased IRD flux.
Core HM107-04 5.2.1. The Lateglacial interval (13140-11800 cal yr BP, i.e. base hiatus)
The Lateglacial interval in core HM107-04 is represented by relatively few samples, covering less than 1400 years. The percentage of Neogloboquadrina pachyderma sinistral is very high (95-100% of the total planktonic assemblage; Fig. 9 ). There is an increase both in planktonic and benthic foraminiferal fluxes just below the Vedde Ash (see also Eiríksson et al., 2000a) , and the values continue at a relatively high level after that marker horizon. A decrease in both planktonic and benthic oxygen isotope values is also seen around the level of the Vedde Ash.
Even though the data from this interval are sparse, they strongly support the results from core HM107-05. The benthic faunal composition shows a pattern similar to the one described for core HM107-05, with an interval of high percentages of Cassidulina neoteretis on both sides of the Vedde Ash. In core HM107-04 this is associated with a maximum in the high-salinity group Miliolida. The isotope records and the faunal indications suggest that the surface waters at this site were probably also influenced by freezing processes during part of the Younger Dryas, and that there was an increased Atlantic water influx to the subsurface and bottom waters.
The Holocene interval (11110 cal yr BP, i.e. top hiatus to the present)
Only very few samples from the Preboreal (at around 11000 cal yr BP) contained enough planktonic foraminifera for interpretation. However, the high percentages of sinistrally coiled Neogloboquadrina pachyderma show that Arctic or Polar surface waters did predominate. The planktonic oxygen isotope values decrease from 3 to 2.6‰ within this short interval. The benthic oxygen isotope values fluctuate through the Preboreal, but with a general increase from ca. 3.5‰ at 11000 cal yr BP to ca. 4.0‰ around the level of the Saksunarvatn ash (10200 cal yr BP). The benthic foraminiferal assemblages, however, indicate increasing temperatures through the Preboreal interval (Eiríksson et al., 2000a) .
The planktonic foraminiferal assemblages show that the highest surface water temperatures were reached between 10200 and 7000 cal yr BP at this core site, but with a generally decreasing trend. The percentages of sinistrally coiled Neogloboquadrina pachyderma increased from less than 50 at the beginning to 80-90% towards the end of the Holocene climatic optimum. The relatively warm period was, however, interrupted by a marked cooling between ca. 8600 and 8000 ca1 yr BP, when percentages of sinistrally coiled N. pachyderma increased to a maximum of 95%. This corresponds to a temperature decrease of about 3°C (see Johannesen et al., 1994) . After a short period with relatively high influence of subpolar species between about 5500 and 4500 cal yr BP, the amount of sinistrally coiled N. pachyderma remains constantly high through the late Holocene, indicating the predominance of Arctic or Polar surface waters in the area.
The planktonic oxygen isotope values fluctuate, but display an increasing trend through the Holocene climatic optimum. Values as low as 2.1-2.2‰ are reached during the cooling event between 8600 and 8000 cal yr BP. These low values presumably indicate the influence of low-salinity surface waters in the area. There is a clear decrease in planktonic oxygen isotope values through the last 5000 cal years.
Benthic oxygen isotope values display a slight general increase through the Holocene, indicating a minor cooling trend of about 1°C. There is a clear increase from the Preboreal to the remaining Holocene, which would indicate that brine water influences the oxygen isotope signal until 10000 cal yr BP. The increase in the benthic to planktonic difference at the same time would tend to underscore this conclusion.
As observed for core HMl07-05, reduced planktonic 13 C values towards the top of this core may be due to influence of Polar waters with its lower 13 C values, an assumption which is supported by the high values of the polar sinistrally coiled form of Neogloboquadrina pachyderma.
Diatoms
A recent study of the modern distribution of diatoms in surface sediments around Iceland demonstrated a close relationship between diatom assemblages and the modern distribution of water masses (Jiang et al., 2001 ). These results, coupled with previous diatom research in the North Atlantic form the basis of the environmental interpretation of the diatom results presented in Fig. 10 and Fig. 11 , which show the percentage distribution of the most common diatom taxa in cores HMl07-05 and HMl07-04. A brief summary of the most important environmental indicators is given below as it forms the background for the interpretation of the diatom results. Table 2 ). For stratigraphical correlation, see Fig. 15 . The ages of the tephra markers (Vedde and Saksunarvatn) are shown with stippled lines. A strong influence of the Irminger Current on the North Icelandic shelf is indicated by Thalassiosira oestrupii, which is the main diatom species of the Atlantic assemblage in the modern warm North Atlantic water mass with salinities higher than 35.3 and sea surface temperatures above 3°C (Koç Karpuz and Schrader, 1990) . In modern assemblages around Iceland, it is mainly found in the surface sediments south and west of Iceland, where the warm Irminger Current has a strong impact today ( Jiang et al., 2001) . The presence of the Irminger Current is also indicated by Thalassionema nitzschioides and Paralia sulcata, which constitute the main species of the Norwegian-Atlantic Current assemblage in the Greenland-Iceland-Norwegian seas (Koç Karpuz and Schrader, 1990) . Both species are associated with the Atlantic waters flowing into the Skagerrak-Kattegat in the eastern North Atlantic ( Jiang, 1996) . They are mainly found in the modern surface sediments south and west of Iceland, where the Irminger Current has a strong impact ( Jiang et al., 2001 ).
One of the most important taxa in the cold-water diatom assemblage associated with the cold, low-salinity East Icelandic Current is Thalassiosira antarctica resting spores (Jiang et al., 2001) . It is one of the main taxa of the Arctic water assemblage, which at present coincides geographically with the seasonally sea-ice covered Iceland Plateau with salinity between 34.7 and 34.9 and temperatures ranging from freezing to 8°C ( Koç Karpuz and Jansen, 1992) .
Sea-ice conditions are indicated by Fragilariopsis cylindrus, which is bipolar in distribution, and F. oceanica, which is an arctic and/or sea-ice species (Hasle and Syvertsen, 1997) . Both species are the main components of the sea-ice diatom assemblage in surface sediments from the seafloor around Iceland ( Jiang et al., 2001 ). An assemblage containing F. cylindrus, F. oceanica and Thalassiosira nordenskioeldii was considered to be indicator of the spring bloom associated with melting ice in modern Bering Sea assemblages (Sancetta, 1981) .
Mixed water masses are indicated by Thalassiosira nordenskioeldii and Thalassiothrix longissima. Thalassiosira nordenskioeldii is characteristic of modern diatom assemblages in areas influenced by a mixing of the warm Irminger Current and the cold waters of the East Icelandic Current north of Iceland. Thalassiothrix longissima is abundant (as the main species of the taxon Thalassiothrix spp.) in the modern surface sediments west of Iceland (Jiang et al., 2001) . It is also associated with the West Greenland Current ( De Séve, 1999) , and it is very common in the North Atlantic, extending to the northern Arctic ( Hustedt, 1930 -1960 and Hendey, 1964 . It is the main component of the Arctic-Norwegian waters mixing assemblage, which coincides with areas of mixture between the Arctic and the Atlantic waters ( Koç Karpuz and Schrader, 1990 ).
Stratified water masses are inferred by abundant Thalassiosira sp. resting spores. The taxonomy of Thalassiosira sp. resting spores is unclear (Hasle, pers. commun.) . It was only found in small amounts in a few modern surface samples north of Iceland (Jiang et al., 2001) . Off North Iceland it only occurs in the interval from about 11500-9500 cal yr BP, where it is usually one of the dominant taxa. It was also recorded (as Thalassiosira cf. scotia resting spore, which is morphologically close to the present one) from Younger Dryas sediments in the Skagerrak-Kattegat in the eastern North Atlantic, where the water masses were highly stratified with high-salinity bottom waters and more brackish surface waters (Jiang et al., 1997) . Therefore, we suggest that abundance of Thalassiosira sp. resting spores north of Iceland may reflect a local environment of highly stratified water masses rather than low sea surface temperature.
The Lateglacial and the Pleistocene-Holocene transition
Zone D5A, HM107-05 (15740-15000 cal yr BP)
This zone is dominated by Fragilariopsis oceanica and Thalassiothrix longissima together with Fragilariopsis cylindrus, Thalassiosira antarctica resting spores and Actinocyclus curvatulus (Fig. 10) indicating periodic seasonal ice cover in the oceanographic mixing zone between the cold East Greenland Current and the Irminger Current. A mixing of the two water masses in the area is shown by the co-occurrence of sea-ice species and the relatively warm species T. longissima.
Zone D5B, HM107-05 (15000-13800 cal yr BP)
There is a rapid decrease in Fragilariopsis cylindrus and Thalassiothrix longissima in this zone, and Thalassiosira antarctica resting spores become the most important component (Fig. 10) . This change in assemblage suggests that a major change in the current pattern occurred at around 15000 cal yr BP. The East Icelandic Current had a major influence on the area during the time interval represented by zone D5B.
Zone D5C, HM107-05 (13800-11150 cal yr BP); Zone D4A, HM107-04 (13140-11800 cal yr BP, i.e. base hiatus)
These zones are characterised by abundant Fragilariopsis cylindrus and Thalassiosira nordenskioeldii with a rapid decline of Thalassiosira antarctica resting spores ( Fig. 10 and Fig. 11 ), but they also contain a few relatively warm taxa such as Thalassiothrix longissima, Odontella aurita and Thalassionema nitzschioides. The composition of the diatom assemblages suggests that water masses from the cold East Greenland and East Icelandic currents still had a strong influence on the North Icelandic shelf. The assemblages, however, also reveal an influx of the warm Irminger Current and mixing of the cold and warm water masses in the region. The more westerly core site HM107-04 was more influenced by the warm currents than HMI07-05 during the overlapping period.
The Holocene
Zone D5D, HM107-05 (11150-10100 cal yr BP); Zone D4B, HM107-04 (11110, i.e. top hiatus-9600 cal yr BP)
These early Holocene zones are characterised by abundant Thalassiosira sp. resting spores (Fig. 10 and Fig. 11 ), which may reflect an environment of highly stratified water masses. The lower part of zone D5D contains relatively abundant sea-ice species, while the assemblages in the upper part indicate higher water temperatures. A rapid decrease in the sea-ice species Fragilariopsis cylindrus through the zone suggests a climatic amelioration since around 11100 cal yr BP, although there were still abundant cold water diatoms such as Thalassiosira antarctica and Thalassiosira sp. resting spores. Fragilariopsis oceanica and T. antarctica resting spores peak at around 10700 cal yr BP in both cores, suggesting a short period of sea surface cooling, while the succeeding appearance of the two warm species Thalassionema nitzschioides and Paralia sulcata at about 10400 cal yr BP in zone D5D indicates the first marked influence of the warm Irminger Current in the area at about 200 years before the deposition of the Saksunarvatn ash. The climatic warming set in slightly earlier at the more westerly site HMI07-04. In general, there is a lower content of the typical sea-ice species F. cylindrus and F. oceanica in core HMI07-04 than in core HMI07-05 in the early Holocene, suggesting that slightly warmer water masses prevailed at core site HMI07-04.
Zone D5E, HM107-05 (10100-5100 cal yr BP); Zone D4C, HM107-04 (9600-6000 cal yr BP)
The diatom assemblages in these zones are composed mainly of warm species, and cold water diatoms as well as sea-ice diatoms reach their lowest frequency levels ( Fig. 10 and Fig. 11 ). These assemblages document the strongest influence of the Irminger Current for the entire sedimentary record. However, there appear to be several short cold phases, indicated by a slight increase in sea-ice species and cold species, during this period of time. A peak at around 8700 cal yr BP in core HM107-05 is especially pronounced, where a contemporaneous increase in Fragilariopsis cylindrus, Fragilariopsis oceanica and Thalassiosira antarctica resting spores is seen.
Zone D5F, HM107-05 (5100 cal yr BP to the present); Zones D4D, D4E and D4F, HM107-04 (6000-3150, 3150-1300 and 1300 cal yr BP to the present)
These late Holocene zones are distinguished from the previous interval by a decrease or an almost total disappearance of the Atlantic water indicator Thalassiosira oestrupii (Fig. 10 and Fig. 11) . A slight increase is observed in the sea-ice species Fragilariopsis oceanica as well as the arctic Thalassiosira antarctica resting spores. These assemblages show that the influence of the warm Irminger Current had decreased compared to the previous zone, and that a climatic cooling had occurred.
Palaeoceanographic changes
The oceanographic circulation north of Iceland was different from the present oceanic system both during the Lateglacial and the Preboreal (Eiríksson et al., 2000a) . During certain intervals of the Lateglacial, Atlantic water, presumably related to the strength of the Irminger Current, appears to have had an even stronger influence on the North Icelandic shelf than at any time during the Holocene. The present-day oceanographic current system in the area appears to have been established at about 10200 cal yr BP (e.g. Eiríksson et al., 2000a,b; Knudsen and Eiríksson, 2002) .
The Lateglacial (15740-11500 cal yr BP)
In general, the data show that Polar or Arctic surface water masses were dominant on the North Icelandic shelf throughout the Lateglacial (Fig. 12) . This is reflected by the high dominance of Neogloboquadrina pachyderma sinistral (>95% of the total planktonic assemblage) and by a high amount of the arctic diatom Thalassiosira antarctica resting spores as well as the diatom sea-ice species Fragilariopsis cylindrus and F. oceanica (see also Fig. 10 and Fig. 11) . In some intervals, there is a clear correlation between the amount of diatom sea-ice species and the IRD concentration, i.e. at the base of the record and during the Younger Dryas, but in other intervals they show opposite trends. This is probably due to the fact that the sea-ice may have different origin. Fig. 12 . Data from the time interval between 15800 (bottom of core) and 11000 cal yr BP in core HM107-05. The following parameters are shown on a calibrated time scale: Neogloboquadrina pachyderma sinistral (calculated as percentage of total planktonic contents), planktonic foraminiferal flux (number/cm 2 /yr), the 18 O of N. pachyderma sinistral (NPS, corrected for the ice volume effect), the percentages of the benthic taxa Cassidulina neoteretis and Miliolida (calculated as percentages of total benthic contents), the benthic foraminiferal flux (number/cm 2 /yr), the percentage of sea-ice diatoms (for species, see text), IRD flux (number/cm 2 /yr), and sortable silt content. For comparison, the benthic foraminiferal zonation and the diatom zonation are shown. For stratigraphical correlation, see Fig. 15 .
A surface freshwater pulse in this shelf area is reflected by extremely low planktonic oxygen isotope values (NPS) at the base of the sequence (Fig. 8 and Fig. 12 ). This is especially pronounced between 15740 and 15300 cal yr BP, but continues until about 14300 cal yr BP. Low benthic oxygen isotope values show that brine formation seems to have been active during the same period of time ( Fig. 8) . One could argue that the low benthic and planktonic 18 O values were due to warm subsurface water flowing into the region north of Iceland in an anti-estuarine circulation mode. Such arguments were proposed by Sarnthein et al. (1995) and Rasmussen et al., 1996 and Rasmussen et al., 1997 . However, if one calculates the ice volume corrected amplitude, the 2‰ benthic 18 O lowering at 15700 relative to 15000 cal yr BP would in this scenario imply that the bottom waters of the site were 8°C warmer at 15700 than at 15000 cal yr BP, using a relationship of 0.26‰ per degree C (Shackleton, 1974) . Such a warm signal is very unlikely. The brine formation interpretation is also supported by the corresponding negative planktonic 18 O values occurring together with a strong dominance of polar planktonic foraminifera. Inflowing warm intermediate waters can thus be ruled out as a sole explanation for the negative oxygen isotope values, and the brine mechanism is considered to be the only plausible explanation.
The interval between 15740 and 15300 cal yr BP is, however, also characterised by a high amount of benthic Atlantic water indicators such as the opportunistic species Cassidulina neoteretis and Alabaminella weddellensis together with Miliolida, and there is a clear sedimentological indication of increased bottom water velocities (see also Eiríksson et al., 2000a) . This is in accordance with the observation by Hayward et al. (2002) , who found that A. weddellensis is connected to areas of high mud content receiving a lateral flux of organic matter, i.e. regions with relatively strong bottom currents. Thus, there is indication of a pronounced influence of high-salinity Atlantic waters from the Irminger Current at the seafloor. A mixing of water masses in the area is reflected by high fluxes of both planktonic and benthic foraminifera and by the co-occurrence of diatom sea-ice species and the relatively warm diatom species Thalassiothrix longissima (Fig. 10 and Fig. 12) .
After a period of generally cold conditions, with dominance of the East Icelandic Current but with some influence of the Irminger Current between 15300-12400 cal yr BP (see also Eiríksson et al., 2000a) , a major oceanic change occurred a few hundred years before the deposition of the Vedde Ash, prevailing until about 11500 cal yr BP. A marked increase is seen in the production of planktonic foraminifera at both sites ( Fig. 8, Fig. 9 and Fig. 12) , and on the western side of the Kolbeinsey Ridge, the benthic production also went up (HMl07-04). The percentages of the benthic Atlantic water indicator Cassidulina neoteretis increase considerably in this interval around the Vedde Ash (Fig. 12) . In addition, there is a decrease in oxygen isotope values both for the planktonic (NPS) and for the benthic foraminifera. This presumably indicates a return to a similar environment as seen before 15300 cal yr BP, but less pronounced, i.e. a melt water pulse, brine formation and faunal indication of mixing of the cold surface waters with the underlying Altantic waters. Relatively strong bottom currents were also indicated by the sortable silt percentage in this interval (see also Eiríksson et al., 2000a) .
The diatoms indicate continuous arctic surface water conditions through the Lateglacial with long periods of seasonal sea-ice, reflected by the dominance of sea-ice species and arctic diatoms. Similar conditions continued well into the Preboreal. Furthermore, abundance of Thalassiosira sp. resting spores around the Vedde Ash horizon corresponds closely to the change in foraminiferal assemblages and the change to light oxygen isotope values mentioned above and continues to form a considerable part of the diatom assemblages until about 9500 cal yr BP, i.e. well into the Holocene, suggesting local stratification of the water masses.
The Holocene (11500 cal yr BP to the present)
The environmental conditions during the Preboreal north of Iceland appear to have been very different from those of the remaining Holocene. The amount of planktonic foraminifera was very restricted. Almost all specimens belong to the arctic water indicator Neogloboquadrina pachyderma sinistral, but the numbers were usually too small for quantitative analyses. There was an increase in benthic foraminiferal flux, however, already at the transition to the Holocene (Fig. 12) , with assemblages indicating very cold bottom water conditions, presumably influenced by the NSDW (see Eiríksson et al., 2000a) . A benthic faunal change to more diverse assemblages, gradually containing more high-salinity species, reflects a gradual change to an increased influence of Atlantic waters brought to the seafloor with the Irminger Current. This change corresponds to a gradual change to heavier benthic oxygen isotopic values through the Preboreal ( Fig. 8) .
The continued high amount of diatom sea-ice species and the abundance of Thalassiosira sp. resting spores indicate cold freshwater influenced surface water conditions and a strong stratification during the Preboreal. This coincides with a high flux of IRD throughout the Preboreal. Slight climatic amelioration after about 11100 cal yr BP was indicated by the first appearance of diatom species associated with Atlantic water from about 10400 cal yr BP (Fig. 10 and Fig. 11 ). Planktonic foraminifera return to the area shortly after that (at 10200 cal yr BP; Fig. 9 ), for the first time with a high amount of subarctic species (<50% Neogloboquadrina pachyderma sinistral).
The change in foraminiferal and diatom assemblages and a sharp decrease in IRD flux shortly before the deposition of the Saksunarvatn ash at 10200 cal yr BP (Fig. 9, Fig. 10 and Fig. 11 ; see also Eiríksson et al., 2000a) indicates the establishment of the modern oceanic circulation pattern in the region. At the same time, increased current velocities at the seafloor are indicated by a distinct rise in sortable silt content on both sides of the Kolbeinsey Ridge. Generally warm, but fluctuating sea surface temperatures are reflected in the foraminiferal and diatom data through the Holocene climatic optimum, i.e. until about 7000 cal yr BP. Temperatures of up to 2-3°C higher than at present in the area are indicated by a high amount of subarctic planktonic foraminifera (from <50 up to about 80% Neogloboquadrina pachyderma sinistral; Fig. 9 ) and by maximum numbers of the warm water diatom Thalassiosira oestrupii (Fig. 10 and Fig. 11 ) in this interval. In addition to minor coolings, one major period of cooling, corresponding to the 8200 cal yr BP event in the Greenland ice cores (i.e. Johnsen et al., 1992) , is registered both in the planktonic foraminiferal data and in the diatom assemblages ( Fig. 9, Fig. 11 and Fig. 13 ). According to the percentages of the sinistrally coiled N. pachyderma, this cooling of about 3°C appears to be the culmination of a general cooling since about 9000 cal yr BP. The actual cold event appears to have lasted for about 600 years (8600-8000 cal yr BP), according to the age model used here. This general climatic pattern of the Holocene optimum, including the changes during the interval 8600-8000 cal yr BP, is supported by the planktonic 13 C results, where low values are interpreted as indications of more Atlantic water influence, while heavier values are indicative of Arctic water influence ( Fig. 9 and Fig. 13 ). The planktonic oxygen isotope record shows generally low values (2.1-2.6‰) through the cooling event ( Fig. 13) . The values especially fluctuate at the beginning and close to the end of the event, and the extremely low peaks presumably indicate influx of low-salinity Polar waters in the area. The two periods of fluctuations correspond to peaks in diatom sea-ice species. Fig. 13 . Data from the time interval between 9000 and 7500 cal yr BP in core HM107-04 (within the foraminiferal zone F4C). The following parameters are shown on a calibrated time scale: Neogloboquadrina pachyderma sinistral, N. pachyderma dextral (calculated as percentages of total planktonic contents) and other planktonic species, including the following subpolar species: Turborotalita quinqueloba, Globigerina bulloides and Globigerinita glutinata, as well as planktonic foraminiferal flux (number/cm 2 /yr), the 18 O records (corrected for the ice volume effect) of the planktonic N. pachyderma sinistral (NPS) and the benthic Islandiella norcrossi (I.n.), the 13 C of the planktonic N. pachyderma sinistral, the percentage of sea-ice diatoms (for species, see text), the IRD flux (number/cm 2 /yr) values and the sortable silt content.
The 8600-8000 cal yr BP cooling event, as recorded at core site HM107-04 west of the Kolbeinsey Ridge, coincides with a period of increased sortable silt content (Fig. 14) , and the sortable silt mean value is also higher than immediately before and after the event (Fig. 15) . IRD flux values are relatively stable before and after the event, i.e. at around 10-15 grains/cm 2 /yr, but during the event there are several peaks reaching around 40 grains/cm 2 /yr. The 8600-8000 cal yr BP cooling event coincides with quite distinct peaks in the flux values for the two benthic species Cibicides lobatulus and C. neoteretis (Fig. 14) . The C. lobatulus increase is probably related to a period of increased bottom currents, with the C. neoteretis peak indicating the influence of Atlantic water. This suggests a strongly stratified water column in the area during the cooling event. The relatively poor sorting of the sediment at this level is probably due to the increased sand content, including both the IRD material and the foraminiferal tests. (Johnsen et al., 1992 and Johnsen et al., 1995) . The Greenland ice-core events (e.g. Björck et al., 1998) are indicated as well as the chronostratigraphical units of Mangerud et al. (1974) . The percentages of sinistrally coiled Neogloboquadrina pachyderma (NPS) are shown in a combined diagram for the Lateglacial part of HM107-05 and for the Holocene part of HM107-04, while the oxygen isotope record, the contents of diatom sea-ice species, as well as selected sedimentological parameters are shown for each core. The benthic foraminiferal zonation of cores HM107-04 and HM107-05 are included for correlation. Important tephra markers (the Vedde and Saksunarvatn tephras) are shown. For details on the late Holocene climatic oscillations, see Eiríksson et al. (2000b ), Jiang et al. (2002 and Knudsen and Eiríksson (2002) .
Both the foraminiferal and the diatom data show a general, but fluctuating, cooling since about 7000-6000 cal yr BP. West of the Kolbeinsey Ridge (HM107-04; Fig. 9 ), a cooling period is reflected between 6500 and 5500 cal yr BP by the planktonic foraminiferal record. This coincides with distinct peaks in the IRD flux in both cores at around 6000 cal yr BP ( Fig. 4 and Fig. 5 ). This is especially pronounced in core HM107-04, where flux peaks in the benthic foraminiferal species Cibicides lobatulus and C. neoteretis are also notable (Fig. 14) . A period of increased stratification of water masses is inferred. The similarity between this interval and the 8600-8000 cal yr BP cooling event is also revealed by the less sorted sediment (increase of sand fraction) and a slightly increased mean sortable silt size. The amount of sortable silt decreases markedly after the 6000 cal yr BP cooling event. According to the foraminiferal data, the cooling event was followed by a relatively warm period between 5500 and 4500 cal yr BP, data which are in accordance with the temperature fluctuations recorded from the GISP2 ice core ( O'Brien et al., 1995) .
The general trend in the Holocene palaeoceanographic development of the area appears to be comparable in the sedimentary basins on both sides of the Kolbeinsey Ridge, even though both the foraminifera and the diatoms show that the influence of the relatively warm Irminger Current was higher west of the ridge than on the eastern side. At core site HMl07-04, generally weak bottom currents are indicated by a low but variable sortable silt content and mean grain size in the Holocene part of the record, reflecting a primarily depositional environment. The grain size data and observed current laminations at site HMl07-05, east of the Kolbeinsey Ridge, indicate a livelier and more efficient circulation regime, accompanied by lower sedimentation rates. This difference may be related to the local topography.
The mean differences in oxygen isotope values (planktonic as well as benthic) to the west and to the east of the Kolbeinsey Ridge, respectively, have been calculated for the period in which the modern oceanographic circulation system has prevailed in the region, i.e. since 10200 cal yr BP. The mean planktonic value (NPS) west of the ridge was 2.52‰ (84 measurements), while the corresponding value east of the ridge was 2.80‰ (21 measurements). This difference supports the faunal indication of continuously higher sea surface temperatures in the western part, even though a difference in salinity may be even more important for the isotopic values. A high influence of the Irminger Current in the western part of the area would increase the oxygen isotope values due to higher salinity and, thus, reduce the apparent temperature difference. The corresponding benthic values (Islandiella norcrossi) are 4.11‰ (99 measurements) west of the ridge and 4.19‰ (32 measurements) east of the ridge. Since the benthic foraminiferal assemblages clearly indicate higher temperatures in the western basin, these oxygen isotope values must be highly influenced by increased salinity from the Irminger Current, which particularly influences the bottom waters to the west.
The benthic to planktonic 13 C gradients are similar on both sides of the Kolbeinsey Ridge, indicating a similar degree of surface to bottom stratification. The gradient is also relatively stable through the Holocene.
Comparison and discussion
The interval from the bottom of the record at 15740 cal yr BP to the abrupt change in foraminiferal and diatom assemblages as well as in both oxygen and carbon isotope values at about 15300 cal yr BP (13100 14 C years BP) is correlated to the Greenland Stadial 2 (GS-2), i.e. the pre-Bølling. At the beginning of the Bølling Interstadial, a high influx of warm and salty water into the eastern North Atlantic presumably coincided with intensified deep-water formation in the Nordic Seas (e.g. Boyle and Keigwin, 1987; Kroon et al., 1997 and Kroon, 2001 ), a change which corresponds to the end of the Heinrich 1 event in the North Atlantic. Grousset et al. (2001) dated the end of the Heinrich 1 event to about 13400 14 C years BP (15700 cal yr BP), while Sarnthein et al. (1999) found that the end of the Heinrich 1 melt water and IRD signals occurred between 13000 and 13400 14 C years BP. According to the GRIP ice-core record, the age of the transition between GS-2 and GI-le (the Bølling Interstadial) is considerably younger than recorded in the North Iceland shelf cores, i.e. at 14700 years (Björck et al., 1998 and Walker et al., 1999) . New evidence on very high marine reservoir ages in the North Atlantic at the end of the Heinrich 1 event ( Waelbroeck et al., 2001 ) may help to explain this difference in dating of the transition to the Bølling Interstadial. A correlation of the North Icelandic shelf records with the isotopic record of the GRIP ice core is shown in Fig. 15 .
The Heinrich 1 melt water event has previously been recorded off North Iceland by Voelker et al. (1998) and by Sarnthein et al. (1999) , and a strong pre-Bølling Irminger Current into this area has also previously been described by Voelker et al. (1998) and by Eiríksson et al. (2000a) . The present study clearly supports the idea of an anti-phase temperature relationship between the North Icelandic shelf and the eastern North Atlandic during pre-Bølling time (see also Sarnthein et al., 1995) . A subsequent cooling north of Iceland, which is especially pronounced for bottom waters, corresponds to the onset of the Norwegian Sea deep water formation. This would indicate that high influx of Atlantic waters into the eastern North Atlantic led to a reduced Irminger Current north of Iceland. This weakening may reflect an overreaction following a sudden revival of thermohaline circulation into the eastern Nordic Seas after a shutdown state caused by light surface melt water.
On the Southwest Icelandic shelf, however, the Bølling Interstadial is characterised by an influx of relatively warm Irminger Current foraminiferal species . Apparently, the northern boundary of the GI-l (Bølling-Allerød) oceanographic warming was to the west and south of the North Icelandic shelf.
The transition from the Bølling-Allerød Interstadial (GI-l) to the Younger Dryas Stadial (GS-1) is not clearly detectable in our data from the cores north of Iceland. This suggests that the temperature change north of Iceland was only minor compared to the abrupt temperature drop recorded in the eastern North Atlantic at the beginning of the Younger Dryas by e.g. Koç Karpuz and Jansen (1992), Haflidason et al. (1995) , Kroon et al. (1997) and Klitgaard-Kristensen et al. (2001) . A similar relatively warm Younger Dryas was also described by Björck et al. (2002) from Lateglacial lake sediments in southern Greenland and by Kuijpers et al. (2003) from the Southeast Greenland margin. Foraminiferal assemblages from a core on the Southwest Icelandic shelf, however, revealed a marked cooling, at least during the early part of the Younger Dryas .
The assemblages and the oxygen isotope values around the level of the Vedde Ash in the two cores north of Iceland indicate a temporary high influence of the Irminger Current as well as a surface melt water peak accompanied by brine formation in the area. The signals are similar to those found in the pre-Bølling, but weaker. An increased influx in boreal benthic foraminiferal species during the later part of the Younger Dryas is also reported from the Southwest Icelandic shelf .
The abrupt cooling of both surface and bottom waters north of Iceland at the beginning of the Preboreal (11500 cal yr BP) occurs at exactly the same time as a pronounced warming in the eastern North Atlantic (e.g. Hald and Hagen, 1998 and Klitgaard-Kristensen et al., 2001 ; at 11400 and 11500 cal yr BP, respectively) and increased deep water formation in the Nordic Seas. Again, this shows that a strong inflow of Atlantic water into the eastern Atlantic apparently coincides with a reduced Irminger Current around Iceland and a strong influence of Norwegian Sea Deep Water on the benthic assemblages north of Iceland. A marked sea surface cooling at around 10700 cal yr BP on the North Icelandic shelf might correspond to the 11000 cooling event as known from the Greenland ice cores (e.g. Björck et al., 1998 and Lowe et al., 2001 ).
The general consensus seems to be that the establishment of modern sea surface circulation in the northern North Atlantic occurred at about 10000 cal yr BP. For instance, Bauch et al. (2001) concluded that the freshwater input to the central Nordic Seas from melting icebergs completely ceased at that time. Supported by a strong atmospheric warming, the improved sea surface conditions persisted until about 6000 cal yr BP. Similar ages for the Holocene optimal conditions (9000-5000 14 C years BP) were recorded from the Nordic Seas by Koç Schrader (1990), Koç Karpuz and and Koç et al. (1993) .
The results from the Nordic Seas correspond generally to those from the North Icelandic shelf, which indicate a Holocene climatic optimum between 10200 and 7000-6000 cal yr BP. Bauch et al. (2001) , however, found that the maximum temperatures were reached at about 7000 cal yr BP in the central Nordic Seas. The planktonic foraminiferal record off North Iceland would suggest a general temperature decrease between 10200 and 7000 cal yr BP, while the diatom data show fairly consistently high temperatures between 10000 and 7000 cal yr BP. Results of a study of the coccolith distribution in a near-shore core north of Iceland ( Andrews and Giraudeau, 2002) also suggest that the Holocene climatic optimum in that area occurred between 10000 and 7000-6000 cal yr BP. This was indicated by the influx of North Atlantic Drift coccolith species to the region, with the highest input during the early part of that period.
It is interesting to note that a Holocene maximum in the northward position of the Intertropical Convergence Zone (titanium and iron concentration data as proxy for on-shore precipitation) was reached in the Cariaco Basin as early as 10500 cal yr BP (Haug et al., 2001 ). The 'thermal maximum' lasted until 5400 cal yr BP in that area, but with a decreasing trend since about 7000 cal yr BP, indicating similarities between the tropics and the Iceland region. A palaeotemperature reconstruction from the GRIP ice-core record in Greenland, however, indicates optimum temperatures for the Holocene between about 8600 and 4300 yr BP ( Johnsen et al., 2001) , which is considerably later than indicated by sea surface temperature reconstructions. The ice-core data suggest a temperature drop by 4-8°C during the 8200 cal yr BP event above central Greenland ( Johnsen et al., 2001) . Planktonic foraminiferal data north of Iceland indicate surface water cooling of about 3°C, while transfer function calculation based on diatoms indicate a summer sea surface temperature drop of about 2°C (Jiang et al., in prep.) . The actual background for the 8200 cal yr BP cooling event is not fully understood, but it has been suggested by many authors that fresh melt water input from the Laurentide ice sheet may have influenced the thermohaline system at that time ( Klitgaard-Kristensen et al., 1998; KlitgaardKristensen et al., 2001; Bianchi and McCave, 1999 and Bauch et al., 2001 ).
The present Holocene data show a persistent difference between the surface water masses as well as the bottom water masses on each side of the Kolbeinsey Ridge, which has formed a partial barrier between different water masses in the outer shelf area since the last glaciation. The core HM107-05 record on the east side is highly influenced by cold water masses, while the core HM107-04 site west of the ridge has continuously been influenced by an input of Atlantic water from the Irminger Current.
In a study of modern distribution of benthic foraminifera, Rytter et al. (2002) demonstrated how the Kolbeinsey Ridge also acts as an oceanographic barrier for the present benthic assemblages. A similar difference was, however, not seen in the modern diatom distibution in the area ( Jiang et al., 2001) . Both the modern foraminiferal data and the modern diatom data showed the importance of the position of the oceanic Polar Front for the assemblage distributions. The temporal variations in sea surface temperatures through the Holocene records are supposed to be caused by fluctuations in the position of the marine Polar Front across the area.
Summary and conclusions
The data from the North Icelandic shelf allow us to reconstruct the environmental changes since about 15740 cal yr BP. Significant changes are found through the Lateglacial record, with fluctuating influence of the Atlantic water masses of the Irminger Current and Polar water masses deriving from the East Greenland Current.
The isotopic signal reveals that a marked freshwater event, presumably with pronounced brine formation, occurred in the area north of Iceland, being pronounced in pre-Bølling time (before 15300 cal yr BP, corresponding to the Greenland Stadial 2, GS-2), but continuing into the Bølling Interstadial (until about 14300 cal yr BP, i.e. into the Greenland Interstadial 1, GI-1). The foraminiferal and diatom assemblages reflect cold sea surface water masses and a mixing with underlying Atlantic water masses from the Irminger Current during this period. The influence of the Irminger Current was especially strong before 15300 cal yr BP, but there was a continuous, but less strong influence during the entire Bølling-Allerød (GI-1) and the Younger Dryas (GS-1).
A less pronounced melt water event with brine formation, spanning a few hundred years, occurred in the Younger Dryas. The Vedde Ash was deposited as primary tephra within this interval. This melt water event also appears to have been accompanied by a temporary increase in the influence of the Irminger Current in subsurface waters on the North Icelandic shelf. There is no indication of significant cooling in the area during the Younger Dryas.
Very low surface water temperatures and a stratified water column characterise the Preboreal, though with gradually ameliorating conditions both in the surface waters and in the bottom waters towards the end of the Preboreal. A pronounced cooling event is recorded in the diatom data at around 10700 cal yr BP.
The present study supports previous results of a strong palaeo-Irminger Current, which carried warm water masses around Iceland during pre-Bølling time (corresponding to the Heinrich 1 event) and again, but less pronounced, during part of the Younger Dryas. This corresponds to periods of reduced inflow of Atlantic waters into the eastern North Atlantic. Correspondingly, there was a reduced inflow of Irminger Current waters to the North Icelandic shelf during the Bølling Interstadial and during the Preboreal, when, on the other hand, a strong Atlantic Current brought warm water masses into the eastern North Atlantic.
The Lateglacial and Preboreal anti-phase relationship between the environmental indications north of Iceland compared to those in the eastern Atlantic appears to change to an in-phase relationship during the remaining part of the Holocene, at least with respect to the long-term and millennial scale changes.
Planktonic foraminifera show that the modern oceanographic sea surface circulation was established just prior to deposition of the Saksunarvatn tephra at 10200 cal yr BP. This interpretation is supported by a decrease in benthic 13 C values, a drop in IRD fluxes and the first immigration of warm water diatoms.
Generally warm, but fluctuating, sea surface conditions prevailed through the Holocene climatic optimum (between 10200 and 7000-6000 cal yr BP). This was interrupted by a major cooling event between 8600 and 8000 cal yr BP, covering a time span of about 600 years. The cooling is correlated to the 8200 cal yr BP cooling event recorded in the Greenland ice-core records. Another distinct cooling, culminating around 6000 cal yr BP, is followed by a relatively long warm period between about 5500 and 4500 cal yr BP, which is again succeeded by a general, but fluctuating, cooling leading to the present-day conditions. The maximum Holocene foraminiferal fluxes are found in the time interval between about 9000 and 6000 cal yr BP.
Through the entire period since 10200 cal yr BP, the planktonic oxygen isotope values remained lower on the western side of the Kolbeinsey Ridge than on the eastern side. This supports the faunal and floral indication of an eastward decreasing influence of the Irminger Current in that area.
Only minor changes have occurred in the general sea surface circulation system around Iceland during the late Holocene. The time resolution is not high enough in this study to pick up details in this part of the record.
